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Abstract. Among the diferent theoretical approaches able to describe fissionostopic ones can help us

in the understanding of this process, as they have the aatyardf describing the nuclear structure and the
dynamics in a consistent manner. The sole input of the aiouls is the nucleon-nucleon interaction. Such a
microscopic time-dependent and quantum mechanical fismdias already been used, based on the Gaussian
Overlap Approximation of the Generator Coordinate Methdthwhe adiabatic approximation, to analyze the
collective dynamics of low-energy fission3#fU [1]. However, at higher energies, a few MeV above the barrie
the adiabatic approximation doesn’t seem valid anymorgeéd, manifestations of proton pair breaking have
been observed itf8U and?*°U for an excitation energy of 2.3 MeV above the barrier [234]king the intrinsic
excitations into account during the fission process willdaais to determine the coupling between collective
and intrinsic degrees of freedom, in particular from saddlscission. Guidelines of the new formalism under
development are presented and some preliminary resultsentaps between non excited and excited states are
discussed.

1 Introduction nary results on overlaps between deformed excited and non
excited basis states are discussed.
The Generator Coordinate Method (GCM) is a very use-

full approach to study large amplitude collective modes, in
particular the fission process. Adiabatic GCM calculations . . .
based on the Gaussian Overlap Approximation (GOA) have2 Non-adiabatic Generator Coordinate

shown a rather good agreement between calculated andethod

measured fragment mass, and fragment kinetic energy dis-

tributions for low-energy fission [1]. However there are In the non-adiabatic version of the time-dependent Gener-
some evidences that intrinsic excitations may play a role ator Coordinate Method, the nuclear state is defined as
during the fission process. Indeed, some experiments show

that proton pair breakings occur for an excitation energy of _ : _

2.3 MeV above the barrier if*®U and?3%U. First, the to- () = Z quf' (@ Dii(a)), (1)

tal kinetic energy suddenly drops for an excitation energy '

slightly higher than 2 MeV [2,3] and second, the pro- yhere the time dependent weight functidi(, t) are ob-

ton odd even fect decreases exponentially to zero for the t5ined through
same excitation energy [4].

Some theoretical calculations have already studied non- 9 t2
adiabatic &ects during the fission process, most of them m
being based on a semi-classical formalism such as Fokker- i h
Plank equations [5—7], or Hamilton equations with one body . _
dissipation and two-body viscosity [8,9], or Langevinequa . !N EQ. (1),H is the nuclear Hamiltonian, and(ia}))
tions [10,11]. In addition, a microscopic approach based IS & set of static states depgnd!ng on the (;oIIect|ve vagiabl
on transport theories has recently been proposed by K. Die-d @nd on single particle excitationswhere 0 stands for
trich et al [12]. the Iowest-_en_ergy sta_\te._

Here the extended formalism under developmentis ~ The variational principle (Eqg. (2)) leads to the general-
sketched, where excited states are taken into account in théZ€d Hill-Wheeler equation :
framework of the Generator Coordinate Method. A few pi- P
oneering calculations along this line have already been per fd ( @ (HEID (A =it (D ()| D: )f. ) = 0.
formed in the past [13-15]. Selection rules for the choice Z AN ()7 5t< (@)1 (.0
of the pertinent intrinsic excitations are presented.iPiel 3)

(PIH - ih%wf(t))dt =0. (2
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In the usual adiabatic case, without intrinsic exc -176
tions, the adiabatic nuclear sta¥éian(t)) is defined as

—1770;
Paian(D) = f i Fagian (@ HIB(@)). @) ’

V (MeV)

-1780-

where|®(q)) is the lowest energy state at a fixgdn Refs
[1] and [16] the Gaussian Overlap Approximation has | -179

used to obtain a Schrodinger-like equation : . 4r ]
>
0 ] 3 T
Heoll gadian(Q, t) = |hagadiab(q, 1), %) = N e T
o 2r \\. ,’\:\ RN ../‘/."\ .,". . \\\ ‘-/:
With gagian(0, t) the Gauss transform dfgian(q, t) and UJCC\'T A NN N e e
- ”o 1 o I )l
= — . — 1 L 1 L 1
Heol = (2(q)IHI&(q)) — ZPE 2 54 M(Q) 7q° (6) 00 100 500 300
g (barn)

where M(q) is the collective mass andPE is the zero ] _ _
point energy correction. The Gaussian Overlap Approxi- Fig. 1. (Color online) Upper panel: Potential energy along the
mation is based on the fact, among others, that the over-asymmetric path if*%U as a function of the elongation. Lower

lap between deformed basis states is indeed, of gaussiafi2"e!- €nergy of the lowest neutron (dashed line) and pr(ato
shape: ’ ted line) two quasi-particle excitation along the asymingiath.

(@) d(q)) = e TV, (7)
The validity of the GOA has been discussed in [17,18].
Here the problem deals with the generalization of the GOA
to the case where intrinsic excitations are taken into ac- For the excited states, %0 two-quasi-particle (2qp)

count in the formalism. To solve this problem, the excita- e e d
tions along the fission paths have been first studied and thexeitations have been selected. The restrictions0 uasi-

overlaps between excited states have then been calculate@?"tiCl€ states may be justified by the fact that axial sym-
metry is enforced in the present calculation and that only

K=0 excitations may be coupled to the lowest energK

. . o HFB states in even-even nuclei. We define the excited states
3 Study of the 2 quasi-particle excitations |®1.0(q)) through

along the fission paths of 236U

self-consistent symmetrjil,, wherell, is the reflection
with respect to the xOz plane.

|®i(a)) = n" 1 | D(q)), 11
Here, the intrinsic deformed statgBi_o(q)) = |&(q)) are @) = " @ ()

Hartree-Fock-Bogoliubov states obtained through the vari

; e wheren™" is the creation operator of a quasi-particle in the
ational principle o=

state i, and is the time-reversed state of i.
S(D()IA — AN — 222 - 2,Q|P(q)) = O, (8) Since the purpose of this work is the study of the fission
process at rather low energy, the other kinds of N quasi-
where the Lagrange parametgfs Az, andiq are deduced  particle excitations (4gp, 6qp...) have been neglectedeMo

from o over, a cut € at 5 MeV has been used on the 2 quasi-
(2(QIN(2)IP(a)) = N(Z) ©) particle excitation energy. Here, no self-consistent kloc
(D(9)IQI2(q)) = g. ing is performed, and the HFB vacuum is not polarized

by the excited quasi-particles. Thus, by constructionafor
given value of the collective variable q, each 2qp state is
orthogonal to the Ogp HFB state and to all the other 2gp
A A states, that i$®;(q)|®;(q)) = O, fori # .
o= /@ Z r2Y,0 = Z(ZZ"Z X2 - 1) (10) Then, by considering such excited intrinsic states, the
5 & - L static basis used to define the non adiabatic GCM state (see
. Eq. (1)) is enlarged with orthogonal states. The main draw-
andH is the nuclear many-bodyfective Hamiltonian built  back is that the mean particle number of the 2qgp states can
with the finite-range fective D1S force of Gogny [19,20].  deviate fromNg and Zp, with No = (@(g)IN|2(q)) and
The HFB equations are solved by expanding the single par-Z, = (®(q)|Z|2(q)). Here, the quasi-particle excitations
ticle states onto one-center and two-centers axial harenoni are selected such as :
oscillator basis. Because calculations are performed in an o L
even-even nucleus for which K 0 — with K the projec- @iIN(D)lg;) = (PIN(D)l¢) + AN(Z), (12)
tion of the spin onto the symmetry axis —, the HFB nuclear
states are even under time-reversal symmétr{rurther- with
more, we restrict the Bogoliubov space by imposing the AN(Z) < 1. (13)

In the present calculationg) is the axial quadrupole
operator defined as
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Calculations have been performed?iSU. The poten- ‘
tial energy and the excitation energies of the lowest 2 B /N |
neutron and 2qp proton states are plotted as functions - /’ \\ ——
the quadrupole deformation along the asymmetric path (.8~ I/ \ =32 i
Fig. 1. We clearly see that these energies are varying I / ‘\ i=5/2
the range 1 to 3 MeV and is equal to 2 MeV in averac / \ L <o @ke@)>
for both neutron and proton excitations. These excitatio 0.6- / ‘\ I
may be low enough to play a role during the fission pri i / \ 1
cess. Indeed, these results have to be compared with tt 0.4+ / ‘\\ .
obtained in the experiment #U and?3°U where proton I / \
pair breakings are observed for an excitation energy of & 0.2 / ‘\
MeV above the barrier [2—-4]. al / \ |
I ) \
. L | . | . | S~y .
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4 Calculation of the overlaps q-q’ (fm°)

. , Fig. 3. (Color online) Overlapg®;(0)|®i(q)) for quasi-particle
In Fig. 2 the overlap$®(q)|®(q)) between HFB states at T N _
. - . , states wittK” = 1/27, 3/27, and §2-, compared tq®(q)|P(q'))
different deformations are plotted as functions of g-q’ for at (q+ q)/2 = 3000F 7

different  + q')/2 values corresponding to HFB ground-
state, first saddle point, superdeformed minimum, second

saddle point and in the descent to scission. 0.00
0.004- / i /" = i=5/2, j=3/2 | ]
1- 8 | I \ B = N T
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Fig. 4. (Color online) Overlapg®;(q)|®;(q)) between dierent
-8000 -2000 -1000 0 1000 2000 3000 two quasi-particle excitations fdt” = 1/2*, 3/2-, and 52~ at

e 2
a-q’ (fm") (a+q)/2 = 3000f

Fig. 2. (Color online) Comparison between the overlaps
(D(0)|2(q)) calculated for diterent values ofd + q)/2.

the development of the new formalism based on the non-
adiabatic GCM.

Atfirst sight, the overlaps seem to have gaussian shapes
as expected. The variation of the width remains small, ex-  Non diagonal overlaps®; (@Pj(a)) with i # j are
cept for @ + q')/2 = 5000f ¥ where the width is divided  plotted on Fig.4. We clearly see that all non diagonal over-
by 2 compared to others. The shape of these overlaps will|aps are found to be zero far = ¢, as expected since
be studied in more details in a near future. 2qp states are orthogonal at a given deformation by defini-
tion. The maximum of the overlaps is predicted to be very
over|aps(¢(q)|ni9n?ni+q',ﬁq'|<p(q')) between 2 gp ex-  small, namely M05 compared to 1 for the diagonal terms
cited states are plotted in Fig. 3 fofidirent gp excitations,  (@i(Q)|2i(q)). They appear to be symmetric in a first or-
namelyK” = 1/2-, 3/2-, and §2-, with K the projection der of approximation and have a small amplitude and an
of the angular momentum on the symmetry axis &ntthe approximate sinusoidal shape.
parity. They are compared with overlafig(q)|®(q')) be- The overlaps®(q)|®i(q)) are plotted on Fig. 5. The
tween HFB lowest energy states gt{ q’)/2 = 3000f n?. amplitudes are found to be less or equal 108) and the
The more striking feature is that all the widths of the dif- shape is almost antisymmetric.
ferent overlaps are almost the same since all the curves are  In summary, all these preliminary results show that non
superimposed. This property will probably be used during diagonal overlapé®;(0)|®;(q)) withi # j are predicted to
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(Color online) Overlaps between two quasi-particle ex-

cited states and HFB minima fé&t? = 1/2-, 3/2-, and 52~ at
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)/2 = 5000f
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be much smaller than diagonal ones. A more precise study
of the shape of all these overlaps is now underway.

5Co

nclusion

A study of the role played by the intrinsic excitations along
the fission paths has been undertaken. Preliminary results

on norm overlaps between non-excited and excited 2 gp

states have been presented3tU. The next step is now to

calcu

late the energy kernel betweeffelient basis states.

On the long range, we expect to develop a fully micro-

scopi

¢ non adiabatic formalism to improve results on fis-

sion fragment properties such as fragment charge and mass
distributions.
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